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Abstract 
 A comprehensive study was conducted to evaluate roles of O2, SO2 (i.e. H2SO3), NO2 (i.e. HNO3), CO2 and temperature to 
off-gas emissions using conditions normally encountered in the CO2 capture process. Two possible pathways of radical induced 
oxidation of MEA in the presence/absence of H2SO3, HNO3, and CO2 were proposed to explain the release of NH3 as a major 
VOCs emission. In the presence of H2SO3, HNO3, and CO2, an increase of their concentrations decreased NH3 concentration, 
while the rest of VOCs (i.e. acetaldehyde, acetone, diethylamine, 2-butanol, methyl dl-lactate, methanol and ethanol) were found 
to be insignificantly affected. An increase of temperature was found to increase the concentration of all VOCs detected in this 
study. Based on mechanism analysis, the roles of H2SO3, HNO3, and CO2 were found to be that of cutting down the route to NH3 
formation and instead induced the formation of formate and acetate heat stable salts in MEA solution. Additional liquid MEA 
analysis revealed that most NH3 was actually trapped and turned into NH4+ salts in MEA solution before it could be emitted as 
NH3 in the off-gas.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
 
For power generation, approximately one third of CO2 emission is mainly from the extensive use of coal and 
natural gas [1]. This rapid growth has raised a serious environmental concern due to the emission of CO2. A 
technique proven to be effective in capturing CO2 from coal power stations on an industrial scale is available in 
which it uses chemical absorption with aqueous amine solutions. The amines commercially available range from 
primary to tertiary amines such as monoethanolamine (MEA), diethanolamine (DEA), and methyldiethanolamine 
(MDEA). The advantage of using amines is that, it can reach the desired target for CO2 capture by effectively 
absorbing CO2 from relatively low pressure streams typically found in coal-derived flue gases. On the other hand, 
these amines are chemically sensitive also to flue gas impurities (e.g. O2, SOx, and NOx) resulting in severe 
degradation when used repeatedly. The effects of amine degradation include reduction of CO2 absorption capacity, 
corrosive solution, and the release of pollutants from toxic degradation products. Degradation products generated 
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within the amine liquid phase could potentially be stripped off and carried over with the off-gas stream normally 
discharged to the atmosphere at the top of the absorber column. In addition, degradation products already formed in 
the gas phase along with low soluble flue gas impurities such as SOx and NOx can also contaminate the off-gas. For 
example, ammonia (NH3), a well known off-gas emission originating from oxidative degradation of amine is often 
detected. Carcinogenic nitrosamine has also been reported as a potential emission especially when NOx is present in 
the flue gas stream [2]. These volatile organic compounds (VOCs) have made off-gas emission environmentally 
hazardous depending on the type and concentration of the containments, which in turn, depend largely on CO2 
absorption conditions (e.g. absorber-regenerator temperatures, amine type, and flue gas purity).  
 
The present study was conducted to evaluate the roles of coal flue gas constituents specifically O2, SO2 (i.e. SO2 
solution; H2SO3), NO2, (i.e. HNO3), and CO2 and operating temperature on off-gas emission in CO2 capture process. 
The experiments were carried out in a 0.6 L semi-batch reactor. Typical experimental conditions of CO2 absorption 
process were used in which MEA concentration was kept constant at 5 kmol/m3 throughout the study. Preloaded 
concentrations of CO2, H2SO3, and HNO3 in MEA solutions were in their respective concentration ranges of 0.15 - 
0.45 mole CO2 per mole MEA and 200 - 800 ppm for both H2SO3 and HNO3. Simulated flue gas stream used at 250 
kPa composed of 6% O2 with N2 balance. Temperatures of between 328393 K were selected so that it represented 
the absorber and stripper conditions. Off-gas constituents were identified and their concentrations were measured. 
The results were used to completely characterize the off-gas emission of MEA absorption solvent. 
 
2. Experiments 
 
2.1 Chemicals and Equipment 
 
Monoethanolamine (MEA, 99%), research grade CO2, SO2 solution (i.e. H2SO3, 4.5 – 5.5%) and nitric acid 
(HNO3, 70%) was used to prepare desired MEA solution. 6% O2 in N2 was used as the feed gas. VOCs emitted were 
condensed in a condensation unit using acetone and liquid nitrogen. Diethylene glycol (DEG) was used to fix VOCs 
within the solvent. Standards used to identify VOC were ammonium hydroxide solution (NH4OH, 29 %) , methanol 
(99.8 %), ethanol (95 %), acetaldehyde (99.5 %), acetone (99 %), diethylamine (99 %), isobutanol (99 %), methyl 
dl-lactate (97 %), formic acid (98 %), acetic acid (99.7 %), propionic acid (99.5 %), butyric acid (99 %), ammonia 
carbonate ((NH4)2CO3), sodium nitrate (NaNO3,), and sodium sulfite (Na2SO3).  All chemicals were reagent grade 
and supplied by Sigma-Aldrich, Canada except gases and liquid N2 which were obtained from Praxair, Regina, 
Saskatchewan, Canada.  
 
The off gas emission studies were carried out using a 0.6 L-stainless steel semi batch  reactor (model 4560, Parr 
Instrument Co., Moline, IL). An electrical heating jacket supplying heat to the reactor and regulated by a 
temperature-speed controller (Model 4836, Parr Instrument Co., Moline, IL) of  0.1% accuracy was used. The Off-
gas analysis was done using a combination of gas chromatograph-mass spectrometer instrument (GC-MS, model 
6890-5073), GC (model 6890N) with dual thermal conductivity and flame photometric detectors (TCD and FPD), 
and capillary electrophoresis with diode array detector (CE-DAD, model HP 3D CE) all supplied by Agilent 
Canada/Hewlett-Packard Canada Ltd., Montreal, Quebec, Canada). 
 
2.2 Experimental Procedures 
 
For a typical run, 450 mL of 5 kmol/m3 MEA preloaded with predetermined weight of H2SO3 and HNO3 was 
loaded into the reactor vessel. CO2 was also preloaded into MEA solution to the desired loading which was 
determined by volumetric titration using HCl and displacement mixture of NaCl/NaHCO3/methyl orange. MEA was 
simultaneously stirred and heated to the desired temperature. O2 regulated at 250 kPa was then introduced into the 
solution. Collection of off-gas sample was carried out every 24 hours. To collect a sample, the reactor off-gas was 
directed at 0.5 L/min for 15 minutes into the condensation tube of a known weight. The condensation tube was 
immersed in liquid acetone which in turn was soaked in liquid N2. The arrangement of acetone/liquid N2 cooling 
system just described allowed the temperature around the condensation tube (acetone temperature) to reach 238 K 
sufficient to condense VOCs normally emitted from CO2 capture unit. The DEG of a known weight was added into 
the tube to trap the condensed VOCs so that they would not evaporate when completely removed from the subzero 
to ambient temperatures.  The tube was then completely detached, left to dry, and weighed. The quantity of the off-
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gas condensed was calculated by subtracting the total weight just obtained with weights of empty tube and DEG 
measured prior to the experiment. The condensed off-gas in DEG was finally analyzed by GC-MS technique. 
During the condensation process, non-condensable components exited the tube at its outlet and were analyzed 
immediately by the online GC-TCD-FPD. SO2, CO2, and O2/N2 were the only non-condensable constituents 
detected depending on composition of original amine solution. A sample of the amine solution was also collected in 
a sample vial at 24 hr interval and analyzed by CE-DAD for its component. 
 
3. Results and Discussion 
 
3.1 MEA-H2O-O2 run and its analysis 
 
MEA-H2O-O2 run with 5 kmol/m3 MEA and 6% O2 was initially carried out at 393 K. This run was used as a 
base run throughout the study so that the effect of the remaining flue gas composition could be compared. Figure 1 
shows the concentration-time plot of VOCs of MEA-H2O-O2 system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Concentration-time plot of VOCs in MEA-H2O-O2 system 
 
The system with only O2 generated the following VOCs; NH3, acetaldehyde, acetone, diethylamine, 2-butanol 
and methyl dl-lactate. Concentrations of all VOCs rapidly increased within 24 hours which later stabilized with 
time. NH3 was the major emission accounting for as much as 87% of total VOCs concentration (calculated by 
excluding H2O). To explain the early detection of NH3 at such a high concentration, radical mechanism of 
triethanolamine (TEA) oxidation proposed in the literature [3] was used. TEA was capable of forming radicals at 
two different locations; 1) at the carbon atom adjacent to N atom (R2NC•HCH2OH) and 2) at the carbon atom 
adjacent to the O atom (R2NCH2C•HOH). Based on TEA’s theory, MEA radicals could also form similarly (i.e. 
H2NC•HCH2OH and H2NCH2C•HOH). In our view, the lower electronegativity of N compared to that of O could 
contribute to a higher electron density on carbon attached to the amino group compared to that of its counterpart on 
the other end connecting with the hydroxyl group in MEA molecule. As a result, MEA especially at this site could 
be more easily induced in forming H2NC•HCH2OH as opposed to H2NCH2C•HOH. Thus, O2 and/or its radicals 
available in the system could then trigger degradation by first attacking H2NC•HCH2OH. We then proposed -
hydroxy acetamide as an intermediate, which decomposed giving off primarily NH3 and glycolic acid by an easy 
hydrolysis under the influence of MEA basicity. The minor products (i.e. aldehyde, acetone, diethylamine, 2-butanol 
and methyl dl-lactate) could be formed at later steps which their routes are still unclear. The pathway leading to NH3 
formation is shown in the boxed area of Figure 2. 
 
Lower bond dissociation energy (BDE) of NH2-C as opposed to HO-C in MEA molecule could also contribute 
in NH3 being released as a primary product of MEA oxidation. Since the exact BDE for C-NH2 and C-OH of MEA 
are not available. BDE of NH2 and OH attached to carbon of an ethyl group (i.e. H2N-Ehtyl and HO-Ethyl) 
structurally similar to those of MEA was used for comparison. According to a literature [4], BDE of H2N-Ehtyl is 85 
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kcal/mole lower than that of HO-Ethyl reported at 95 kcal/mole. Therefore, N-C bond tends to be broken off more 
easily than its counterpart resulting in the release of NH3 as observed from the experiments. An example of NH3 
formation similar to Figure 2 can be seen in mechanism of Rooney, Dupart, and Bacon proposed in 1998 [5]. 
Aldehyde was also detected in this study, which required more steps to form (formed from vinyl alcohol 
rearrangement, a reaction step following formation of NH3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Pathway of radical induced MEA oxidation (R = radicals) 
 
Less favorable radical (i.e. H2NCH2C•HOH) also reacts with O2 and/or its radicals forming initially glycine 
[5,6]. From our analysis, glycine is an amphoteric which normally exists as zwitterions rather than aminoacetic 
form. Especially in basic MEA solution, the zwitterions loses its proton (H+) taking anionic form, which eventually 
will tie with protonated MEA by electrostatic force similar to MEA heat stable salt formation. This is also the reason 
why this route does not easily produce as much NH3 as compared to the boxed pathway. Pathway corresponding to 
MEA oxidation from H2NCH2C•HOH radical is also given Figure 2. 
  
3.2 Roles of SO2, NO2, and CO2 
 
Effect of SO2 and NO2 to off-gas emission was evaluated in terms of H2SO3 and HNO3. For SO2, it was 
assumed that SO2 was given off to MEA completely by H2SO3 dissociation in MEA solution. HNO3 was used as it 
was a product of NO2 hydrolysis in MEA. SO2 was evaluated by preloading H2SO3 concentration of 200, 500, and 
800 ppm in 5 kmol/m3 MEA. NO2 was done in a similar manner using HNO3. In addition, 0.45 mol CO2/mol MEA 
was preloaded in separate 800 ppm H2SO3 and HNO3 systems so that effect of CO2 could also be evaluated. Feed 
gas of 6% O2 and 393 K temperature were used so that the result could be compared with base run discussed earlier. 
Figures 3 and 4 respectively show effect of H2SO3 and HNO3 concentration on averaged concentration (24 hr to 168 
hr degradation time) of VOCs identified in this system. 
 
Since NH3 was still found as a major product for both H2SO3 and HNO3 systems with/without CO2. Averaged 
NH3 concentration of base system (i.e. MEA-H2O-O2) representing 0 ppm H2SO3/HNO3 was also included in both 
figures for comparison. In addition to NH3 and acetaldehyde found similarly to the base system except systems with 
CO2 in which acetaldehyde was not detected, methanol and ethanol were additionally detected in both systems 
with/without CO2. NH3 emitted was accounted for approximately 90% of total VOCs concentration in all H2SO3 and 
HNO3 concentrations. It is clear from Figure 3 that increase of H2SO3 concentration decreased NH3 emission while 
the rest of VOCs was found unaffected. Similar trend could be also observed for HNO3 experiments in Figure 4. As 
shown in Figures 3 and 4, CO2 also affected the NH3 emission in both systems by further decreasing its 
concentration to below 100 ppb. 
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Figure 3. Effect of H2SO3 concentration on VOCs Emission 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Effect of HNO3 concentration on VOCs Emission 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Pathway of radical induced MEA oxidation in the presence of H2SO3/HNO3 
(R = Radicals, X- = HSO3-/NO3-) 
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3.2.1 Emission of NH3 
 
Since NH3 was a major emission in all systems, we decided to further analyze roles of SO2, NO2, and CO2 on its 
formation. When MEA contacted with SO2 and NO2, H2SO3 and HNO3 were produced quickly protonating MEA by 
acid-base reaction. Lone pair electrons of N atom was used in reacting with H2SO3 and HNO3 resulting in a negative 
charge on it. Our hypothesis is that, as an electron donor, CH2 group next to the positively charged N in both 
systems could be induced so that it donated electron to the charged group in order to stabilize the molecule. Based 
on the oxidation mechanism discussed in section 3.1, electron density around this carbon could become smaller 
making it less prone to formation of H2NC•HCH2OH radical. As a result, degradation through this pathway leading 
to a quick release of NH3 as previously shown in the box of Figure 2 was reduced. The reaction could be more 
favorable to the other pathway which was modified by incorporating effect of H2SO3 and HNO3 as given in boxed 
area of Figure 5. 
   
From Figure 5, NH3 was no longer produced easily through the boxed pathway because this route was not likely 
to release NH3. Even if, H2SO3 and HNO3 did not significantly change frequency of R2NCH2C•HOH formation and 
still proceeded through the other pathway in Figure 5, NH3 would not be easily emitted because it was tied up with 
H2SO3 and HNO3. In both cases, NH4X (X = HSO3-/NO3-) would rather be a major product released from the 
reaction and stayed within liquid MEA solution. Therefore, reduction of NH3 emission was observed when H2SO3 
and HNO3 concentrations in MEA solution increased. Similar explanation can be used to explain effect of CO2. 
Once, CO2 was preloaded into MEA solution containing H2SO3 and HNO3, it formed carbamate by reacting with the 
NH2 group of MEA. Carbamate also went through similar steps as discussed for H2SO3 and HNO3, thus further 
reducing emission of NH3. It must be noted that concentration of NH3 measured from HNO3 system was less than 
that of the system with H2SO3. This indicated a tighter bond between HNO3 and MEA as opposed to H2SO3 and 
MEA. This analysis implies that more effort is needed to regenerate MEA in the stripper column if flue gas also 
contained NO2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. NH4+ concentration in MEA solution 
 
Analysis of amine solution reveals similar relationship of concentration of ammonium (NH4+) versus H2SO3 and 
HNO3 as described for off-gas NH3 (in Figures 3 and 4). Figure 6 shows clearly that increase of H2SO3 and HNO3 
also decreased concentration of NH4+ in MEA solution. It was also discovered that most NH3 was actually trapped as 
NH4+ salts in MEA liquid phase rather than being emitted as NH3. Concentrations of liquid phase NH4+ analyzed for 
H2SO3 and HNO3 systems were much higher than off-gas NH3 respectively measured in a range of 445 – 530 and 
412 – 519 ppm. Whereas, much smaller quantities in ppb range were released as NH3 being measured at only 235 – 
374 and 196 – 237 ppb respectively for H2SO3 and HNO3 systems. 
 
Analysis of HSSs in MEA solution also supported NH3 and NH4+ results. Figures 7 and 8 respectively show 
formate and acetate concentration versus time in liquid MEA of base run and runs containing 800 ppm H2SO3 and 
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HNO3. Though, H2SO3 and HNO3 reduced NH3 emission, they were actually found to promote formation of formate 
and acetate. 
 
 
 
 
 
 
 
 
 
    Figure 7. Formate Concentration in MEA solution           Figure 8. Acetate concentration in MEA solution 
 
According to our analysis, boxed pathway as shown in Figure 5 became dominant in the presence of H2SO3 and 
HNO3. Through this pathway, formate formation was possibly derived from X-NH3+CH2COOH, which went through 
series of steps analogue to a mechanism proposed in a literature [5]. Not only does this route produce formate as a 
final product, its intermediates (e.g. glycolate, and oxalate) also break down to formate as proven by our separate 
experiments. Acetate formation was also aggravated but its path was still unclear at this time. Since, the reaction 
produced high concentration of formate and acetate. These HSSs could also bind themselves to NH3 fixing it within 
the solution as ammonium salts. This was also a factor why only smaller quantity of NH3 was detected in off-gas 
while high concentration of NH4+ was measured in MEA solution. 
 
3.3 Effect of Temperature 
 
Effect of temperature was evaluated in a range of 328 – 393 K typically found in CO2 capture process. Solution 
containing 5 kmol/m3 MEA, 200 ppm of H2SO3 and HNO3, and 0.15 mol CO2/mol MEA was used with feed gas of 
6% O2. Figure 9 shows temperature effect on VOCs averaged concentration. VOCs found in all temperatures were 
NH3, methanol, and ethanol. As expected increase of temperature increased all VOCs concentration. In a real 
absorption unit, as the amine circulated in the system passing through high temperature sections such as 
regeneration column, rate of VOCs emission through the mechanism discussed earlier could be speeded up. This 
could result in a more contamination in off-gas emission. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Effect of Temperature on VOC emission 
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4. Conclusions 
 
4.1 Two possible pathways of radical induced oxidation of MEA (i.e. MEA-H2O-O2) which one forming initially 
-hydroxy acetamide and the other giving glycine as the initial product were proposed to explain a release of NH3 as 
a major VOCs emission accounting for 87% of total VOCs concentration. Based on mechanism analysis, -hydroxy 
acetamide pathway was favorable, which also responsible for a quick release of NH3. Minor VOCs also detected 
were acetaldehyde, acetone, diethylamine, 2-butanol and methyl dl-lactate. 
 
4.2 In presence of H2SO3 and HNO3, NH3 was still a major VOC whereas acetaldehyde, methanol and ethanol 
found as minors. While, increase of H2SO3 and HNO3 concentrations decreased NH3 concentration, minor VOCs 
were not significantly affected. Nitrosamine was not found at the studied condition. 
 
4.3 Pathways of MEA oxidation in a presence of H2SO3 and HNO3 were also proposed by incorporating roles of 
H2SO3 and HNO3 into those in 4.1. Based on mechanism analysis, roles of H2SO3 and HNO3 were found to cut 
down route to NH3 formation but rather they induced formation of formate and acetate heat stable salts.  
 
4.4 Also, H2SO3 and HNO3 likely made the other route favorable leading to formate formation in which formate 
concentration in MEA solution were found to increase when H2SO3 and/or HNO3 were present. 
 
4.5 CO2 affected off-gas emission (especially NH3) similarly to H2SO3 and HNO3. CO2 reacted with MEA 
forming carbamate which also went through similar steps as proposed for H2SO3 and HNO3, thus further reducing 
emission of NH3. 
 
4.6 Concentration of NH4+ was found to be much higher than that of NH3 in the off-gas. From MEA solution 
analysis, most NH3 was mostly trapped in MEA as ammonium salts before it could be emitted as NH3 in the off-gas. 
High concentration of formate in 4.4 could be partly responsible due to its ability in reacting with NH3 turning it into 
ammonium formate in MEA solution. 
 
4.7 Higher temperatures (e.g. regeneration temperature) induced VOCs emission. 
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